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我们建立了基于 Autodock 以及 Dock 对接的蛋白激酶 A 抑制剂的虚拟筛选平台，
并用于抑制剂的筛选与全新设计。以 1991-2008年 35个蛋白激酶 A抑制剂的晶体复合
物及实验抑制率常数为训练集，对虚拟对接参数进行优化，并建立了筛选条件的标准：
最低结合能低于 - 7.5 kcal mol-1，范德华力，氢键，去溶剂化能之和的能量值低于 -9.0 
kcal mol
-1 的化合物分子才有可能对蛋白激酶 Aα亚型具有低于 50 nM 的抑制活性。以
此条件，本文对美国国家癌症研究所(National Cancer Institute, NCI)的小分子化合物库
进行虚拟筛选，并结合 Dock 刚性对接的结果进行交叉筛选，得到 8 个排名最前的化合





性测试表明：该系列化合物对蛋白激酶 A 抑制活性不明显。 
鉴于本实验室长期从事磷酰化氨基酸功能和性质的研究，我们结合蛋白激酶 A 磷
酰基转移的立体化学过程，提出了一种新颖的磷酰基转移三步共价“排球”机理，并
对该机理进行初步的理论研究。用 Gaussian 程序优化活性口袋的 92 个原子模型可能经
过的五步中间体，进行结构与能量分析发现：其中 γ-PO3-NH2-Lys168 的 P-N 中间体的
能量约为 11 kcal mol-1, 揭示了 Lys168 进攻 ATP 的 γ磷酸根的合理性。而五配位磷混




















量（5 mol %）上，达到较高的区域选择性跟立体选择性（高达 99:1 dr 和 96% ee）。同
时我们对此机理展开理论模拟，发现引入的手性羟基对硝基的氢键诱导是 Michael 加成






























Protein reversible phosphorylation, an important regulatory mechanism in general, 
plays a crucial role in almost all of the life process such as cell signal transduction, 
differentiation and cell growth. All the proteins are phosphorylated by protein kinase 
family, and dephosphorylated by phosphatases. Thus far, 518 kinds of protein kinases have 
been found in human beings. Protein kinase A (cAMP-dependent protein kinase, PKA), 
catalyzes the transfer of γ-phosphate of ATP to protein substrates at serine, or threonine 
residues. And its crystal structure was first eclucidated in 1991, as a represent of kinase 
family.  
In this dissertation, novel inhibitors of PKA are obtained by database virtual 
screening or de novo designed, and then synthesized by multi-step organic synthesis. 
Autodock 4.0 and Dock 6.4 software are chosen as high through-put virtual screening 
tools and used upon the high performance distributed computation. Thirty-five crystal 
complexes of PKA containing inhibitors are studied to establish one set of evaluable 
parameters between the IC50 values and binding energies. It is implied that two 
requirements should be fulfilled for the purpose to design molecules with potential 
inhibition activity: the lowest calculated binding energy should be lower than -7.5 kcal 
mol
-1
, and the overall energy of van der waals forces, hydrogen bonding, desolvation 
should be less than -9.0 kcal mol
-1
. With this standard evaluation in hand, eight candidate 
molecules are screened out by Autodock and Dock study of American National Cancer 
Institute small molecular library. In addition, one kind of novel organophosphorus P-C 
compound is de novo designed by introducing phosphate group into triphosphate binder 
corner of ATP active pocket, which will improve the interaction and the binding energy of 
potential inhibitors. Also, the activity of PKA was tested by stable isotope γ-PO4-
18
O-ATP 
MALDI- MS technology.  
Furthermore, one novel phosphoryl transfer mechanism of protein kinase was 
proposed as “volleyball” mechanism, which is quite different from normal in-line attack 
mechanism. Ninety-two atoms model is established and simulated by Gaussian software. 
The result shows that: “volleyball” mechanism may undergo five intermediates to cover 




















is considered as an energy favorable step. However, the most challenging mix 
anhydride five-coordinated phosphorus intermediate is a high energy species (31.7 kcal 
mol
-1
), which could be considered as a transition state, but not an intermediate. So the 
“volleyball” mechanism should be rationally revised according to the simulation results. 
Also, we have developed a novel type of pyrrolidine dedrivative as a catalyst bearing 
chiral phosphoproline functions, which works well as a bisfunctional organocatalyst to 
promote the asymmetric Michael addiction of ketones to nitrostyrenes. The reaction takes 
place smoothly with perfect diastereo- (up to > 99:1 dr) and high enantioselectivity (up to > 
96% ee ) in the presence of a low loading of this catalyst (5 mol%).And anti-SR 
Transition state has the lowest barrier which controls the stereoselectivity, in agreement 
with experimental results. 
The analysis of the fragmentation of α-hydroxy-β-amino phosphonate esters (6a-6f) 
designed as inhibitors of protein kinase A was studied. An interesting proton migration 
mechanism in the cleavage of the P-C bond is investigated by ESI-MS. A possible 
rearrangement mechanism is proposed and verified by ICP-HRMS using isotope 
D/H-exchange technology and additionally checked by detailed DFT calculation based on 
Gaussian software. The result clearly indicates that this mechanism proceeds by a 
five-membered ring concerted transition state with activation energy 11.3 kcal mol
-1
 for 
the compound 6f. The overall reaction is endothermic with an energy 13.2 kcal mol
-1
. The 
effect of different substituents and different metal ions for rearrangement of these esters is 
studied by experiment and theory. It is concluded that this rearrangement process is 
energetically unfavorable and hence only occurs in the mass spectrometer.  
 






















DMF N, N-dimethyl formamide 




TFA trifluoroacetic acid 
TEA triethyl amine 
IBX o-iodoxybenzoic acid 
DMPH dimethyl phosphonate 
DEPH diethyl phosphonate 
DIPPH di-isopropyl phosphonate 
DBPH dibenzyl phosphonate 
DOPPH diphenyl phosphonate 
DPPH diphenyl phosphate 
PKA Protein kinase A or cAMP-dependent protein kinase 














目  录 
 VII 






第一章 绪论 1 
1.1 蛋白可逆磷酰化的重要性····································································1 
1.2 蛋白激酶 A 的研究现状······································································7 
2 
1.2.1 蛋白激酶 A 的结构与功能·····························································7 2 
1.2.2 蛋白激酶 A 抑制剂研究进展·························································19 20 
1.2.3 蛋白激酶 A 的磷酰基转移机理······················································30 
1.3 理论化学研究技术··········································································· ·34 
21 
1.3.1 基于受体结构的药物虚拟筛选·······················································34 22 
1.3.2 基于酶反应机理的理论模拟··························································38 23 
1.4 有机小分子不对称催化研究······························································· ·40 27 
1.4.1 Michael 不对称加成反应·······························································40 28 
1.4.2 含磷脯氨酸的不对称催化剂的研究进展···········································48 30 
1.5 有机小分子的质谱裂解技术······························································ ··49 31 




第二章 蛋白激酶 A 抑制剂的筛选与设计 40 
2.1 理论计算实验条件··········································································· ·61 40 
2.2 蛋白激酶 A 晶体复合物标准曲线的建立·················································61 42 
2.3 蛋白激酶 A 的 Adenosine，AMP，ADP，ATP 结合模式的分析·················· 69 42 













目  录 
 VIII 
2.5 以蛋白激酶 A 对美国 NCI 库的虚拟筛选···············································77 42 




3.1 蛋白激酶磷酰基转移“排球”机理的提出··············································92 61 
3.2 蛋白激酶磷酰基转移“排球”机理的理论模拟········································96 61 
3.2.1 计算模型与方法的选取····························································· ··96 61 
3.2.2 Lys168 与 Asp166 的质子迁移························································98 63 
3.2.3γ-PO3-NH2-Lys168 的 P-N 中间体的形成···········································101 63 
3.2.4 混酐五配位磷中间体的形成及立体化学研究····································105 64 




第四章 蛋白激酶 A 抑制剂的合成以及活性测试 97 
4.1 蛋白激酶 A 抑制剂的合成···································································113 97 
4.1.1 脯氨酸氨基的 Boc 保护································································114 97 
4.1.2 Boc 保护脯氨酸的硼氢化钠加碘还原············································· ··115 98 
4.1.3 Boc 保护脯氨醇的 Dess-Martin 氧化·················································115 98 
4.1.4 Boc 保护脯氨醛与 PH 的偶联与机理研究··········································117 99 
4.1.5 产物 6 系列的脱 Boc 基研究··························································121 99 
4.1.6 磺酰氯与产物 7f 的偶联反应·························································121 99 
4.1.7 实验数据部分············································································126 99 
4.2 基于质谱的蛋白激酶 A 抑制剂的活性测试··············································136 
 
97 
第五章 含磷手性脯氨酸的不对称催化 Michael 加成研究  













目  录 
 IX 
5.2 Michael 加成不对称催化实验条件的摸索················································138 101 
5.2.1 碱用量，温度的筛选···································································138 99 
5.2.2 路易斯酸添加剂的筛选································································140 99 
5.2.3 催化剂用量的筛选······································································141 99 
5.2.4 催化底物的拓展·········································································142 99 
5.3 Michael 加成不对称催化的机理研究······················································144 101 
5.4 实验数据部分··············································································· ···147 101 
  
第六章 含磷手性脯氨酸类似物的质谱裂解规律研究  
6.1 引言·······························································································155 97 
6.2 实验部分·························································································156 97 
6.3 结果与讨论······················································································157 97 
6.3.1 化合物 6a-6f 的多级质谱裂解碎片研究·········································· ··157 99 
6.3.2 稳定同位素氘代实验以及高分辨质谱分析····································· ···161 99 
6.3.3 质子迁移机理的理论模拟························································· ····163 99 
  
第七章 全文总结与未来研究工作展望                            167 116 
附录 1 抑制剂谱图···················································································172 120 
附录 2 不对称催化产物谱图·······································································208 164 
附录 3 质谱裂解规律谱图··········································································231 
















目  录 
 X 
Table of Contents 
Abstract in Chinese·············································································Ⅰ I 





1.1 The importance of reversible protein phosphorylation··································1 
1.2 Research of Protein kinase A··································································7 
2 
1.2.1 Structure and function·of protein kinase A·············································7 2 
1.2.2 Progress of protein kinase A inhibitor··················································19 20 
1.2.3 Phosphoryl transfer mechanism of protein kinase A ·································30 
1.3 Research tools of theoretical chemistry ····················································34 
21 
1.3.1 Protein structure-based drug discovery and screening ·······························34 22 
1.3.2 the theoretical modeling of enzyme reactive mechanism ························· ··38 23 
1.4 Research of organic asymmetric catalysis ·················································40 27 
1.4.1 Michael asymmetric addition ····························································40 28 
1.4.2 Progress of phospho-proline catalyst ···················································48 30 
1.5 Fragmentation behavior of organic compound with ESI-MS ·························49 31 




2 Design and screening of protein kinase A’s inhibitors  40 
2.1 Experimental condition for theoretical calculation ······································61 40 
2.2 Establishment of the standard curve ························································61 42 
2.3 Binding model study of Adenosine, AMP, ADP, ATP in PKA ··························69 42 













目  录 
 XI 
2.5 Virtual screening of USA’s NCI library based on PKA ·································77 42 
2.6 De Novo design of PKA’s inhibitors containing phosphoryl group ···················82  
 
3 Initial simulation of PKA’s “volleyball” mechanism   
61 
3.1 Propose of PKA’s “volleyball” mechanism··················································92 61 
3.2 Simulation of PKA’s “volleyball” mechanism··············································96 61 
3.2.1 Optimization of selected cluster and calculation method ·····························96 61 
3.2.2 Hydrogen migration from Lys168 to Asp166···········································98 63 
3.2.3 P-N intermediate ofγ-PO3-NH2-Lys168··················································101 63 
3.2.4 Mix anhydride, intermediate or transition state ········································105 64 
3.2.5 Last nucleophilic attack from Ser-OH····················································109 65 
3.2.6 Energy profile of PKA’s “volleyball” mechanism·······································110 
 
66 
4 Synthesis and activity test of PKA’s inhibitors  97 
4.1 Synthesis of PKA’s inhibitors···································································113 97 
4.1.1 Experiment of Boc group protection of L-proline ······································114 97 
4.1.2 Experiment of NaBH4/I2 reduction of compound 2·····································115 98 
4.1.3 Experiment of Dess-Martin oxidation of compound 3··································115 98 
4.1.4 Experiment of PH reagent coupling with compound 4······························ ··117 99 
4.1.5 Experiment of the removal of Boc group from compound 6···························121 99 
4.1.6 Experiment of the coupling of sulfonyl chloride with compound 7f ·················121 99 
4.1.7 Experiment data section·····································································126 99 
4.2 Activity test of Compound 8a-8i································································136 
 
97 
5 Chiral phosphoproline-Catalyzed Asymmetric Michael Addition  













目  录 
 XII 
5.2 Reactive screening of Asymmetric Michael Addition····································138 101 
5.2.1 Screening of base and temperature······················································138 99 
5.2.2 Screening of the additive·································································140 99 
5.2.3 Screening of the Loading of Catalyst ··················································141 99 
5.2.4 The scope extension of the substrate····················································142 99 
5.3 Computational study of the catalytic mechanism·········································144 101 
5.4 Experiment data section·······································································147 101 
  
6 A novel hydrogen migration of dialkyl phosphonic acid esters  
6.1 Introduction······················································································155 97 
6.2 ESI-MS experiment and analysis ···························································156 97 
6.3 Results and discussion··········································································157 97 
6.3.1 ESI-MS
n
 fragmentation study of compounds 6a-6f···································157 99 
6.3.2 prove using D/H exchange and ICP-HRMS············································161 99 
6.3.3 Simulation of proton migration·mechanism·············································163 99 
  
7 Conclusions and Prospects for Further Investigation               167 116 
Appendix 1 Spectrometry of·PKA’s inhibitor···················································172 120 
Appendix 2 Spectrometry of·Michael products·················································208 164 
Appendix 3 ESI-MS Spectrometry of·6a-6f······················································231 
Appendix 4 Cartesian coordinates of some models··············································236 
207 

















第一章  绪论 
1.1 蛋白可逆磷酸化的重要性 
可逆磷酸化的重要性 
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组中，大约有 2%的基因编码了 500 种激酶和 100 种磷酸酶。 
蛋白质磷酸化在生物体中非常普遍，同时也是最重要的一种蛋白质翻译后修饰。
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